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Histamine-containing neurons in the rat hypothalamus
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ABSTRACT A specific antiserum against histamine was
produced in rabbits, and an immunohistochemical study of
histamine-containing cells was carried out in rat brain. The
antiserum bound histamine in a standard radioimmunoassay
and stained mast cells located in various rat and guinea pig
tissues. Enterochromaffin-like cells in the stomach and neu-
rons in the posterior hypothalamic area could be detected with
this antiserum. The staining was highly specific and was not
abolished by preabsorption with histidine, histidine-containing
peptides, serotonin, or catecholamines, whereas preabsorption
with histamine completely abolished the staining. Immuno-
globulins of this antiserum purified by affinity chromatogra-
phy stained the same cells as did the crude antiserum, whereas
the serum fraction, which was not absorbed by histamine-af-
finity ligand, failed to stain any neuron. Histamine-immunore-
active neuronal cell bodies were found only in the hypothalam-
ic and premammillary areas of colchicine-treated rats. The
largest group of cells was seen in the caudal magnocellular nu-
cleus and medially on the dorsal and ventral aspects of the
ventral premammillary nucleus. Immunoreactive nerve fi-
bers, but no cell bodies, were detected in other parts of the
brain. Histamine-immunoreactive mast cells were found in the
median eminence and pituitary gland. The results suggest that
histamine-containing neurons are located only in a small area
of the posterior hypothalamus, and these cells are probably the
source of ascending and descending fibers detected in other
brain areas.

During the last decade, a number of studies have indicated
that histamine may function as a putative neurotransmitter in
the mammalian central nervous system (1). In the brain, the
highest histamine content is found in hypothalamus (2-5) and
in certain areas of the mesencephalon (6). Biochemical mea-
surements of histamine and its synthesizing enzyme, histi-
dine decarboxylase, in various regions of intact and lesioned
brains suggest that brain contains long axon histamine-con-
taining neurons. Furthermore, although a considerable por-
tion of brain histamine appears to be located in mast cells (4,
7, 8), its presence in synaptosomal fractions suggests its neu-
ronal location (9-12); this is supported by the presence in
brain structures of adenylate cyclase activity stimulated by
histamine (13).
The immunocytochemical method that detects serotonin

has been useful in revealing serotonin-containing neuronal
pathways in the central nervous system (14). Attempts to
develop a fluorescence histochemical method for histamine
have been made (15-17), but the o-phthalylaldehyde (OPT)
method failed to detect histamine-containing neurons in the
brain. Wilcox and Seybold (18) reported the presence of his-
tamine-containing neurons in the median eminence, using
antibodies against histamine. However, this study detected
only a few histamine-containing cells. The present study, in
which an antiserum against histamine is used, shows that

several groups of histamine-containing neurons are located
in rat hypothalamus.

MATERIALS AND METHODS
Histamine HCl (Sigma; 10 mg) and succinylated hemocyanin
(Sigma; 5 mg) were dissolved in 1.5 ml of H20, and 0.1 ml of
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (100 mg/ml)
was added. The solution was kept at room temperature and
pH 5.0-6.0 overnight. The conjugate was then dialyzed
against H2O, lyophilized, redissolved in saline, and emulsi-
fied in complete Freund's adjuvant. One milliliter of the
emulsion containing 250 ,ug of the conjugate was injected in-
tradermally into the backs of rabbits. Subsequent injections
at 2-wk intervals consisted of 125 ,ug of conjugate.
One week after the sixth injection, the rabbits were bled

and the antisera were tested. [2,5-3H]Histamine (Amersham)
was purified by using thin-layer chromatography developed
with 1-butanol/CH3COOH/H20, 60:15:25 (vol/vol). [2,5-
3H]Histamine was extracted from the plate with 0.1 M
CH3COOH containing 0.1% bovine serum albumin and an
aliquot containing about 10,000 cpm was incubated for 48 hr
at 4°C with 0.5 ml of 0.2 M Tris buffer (pH 7.4) containing
0.1% bovine serum albumin and 0.06% dextran and with dif-
ferent amounts of antiserum. Separation of bound and free
antigen was carried out by addition of 0.2 ml of charcoal slur-
ry (1.5% charcoal) precoated with dextran (0.15%) in 0.9%
saline, followed by centrifugation. The antiserum used in
this study bound 30% of the trace amount of [2,4-3H]hista-
mine at a dilution of 1:100. Control sera did not bind any
[2,4-3H]histamine.
The antibody against histamine was purified by affinity

column chromatography with histamine-Sepharose 4B. The
affinity ligand histamine-Sepharose was prepared with
CNBr-activated Sepharose 4B (Pharmacia). An affinity col-
umn was prepared and washed with 0.2 M Tris buffer (pH
7.4). Histamine antiserum (250 1.l) was applied, and the col-
umn was eluted with 0.2 M Tris buffer at a flow rate of 0.5
ml/min. Fractions including the 10-min eluate were pooled
and lyophilized. The protein concentration of each fraction
to be used in histochemistry was matched with that of dilut-
ed intact antiserum that gave positive staining for histamine
in immunocytochemistry. The antibodies absorbed by the af-
finity column were then eluted with 0.3 M acetic acid, neu-
tralized, lyophilized, and reconstituted with saline. They
then were diluted with phosphate-buffered saline (16 ,ug of
protein/ml) for immunohistochemical staining. The staining
obtained with these purified immunoglobulins was less in-
tense than that obtained with the crude antiserum, but a
comparable number of immunoreactive cells were detected
in the same location.
Adult male Sprague-Dawley rats (250-350 g) under sodi-

um pentobarbital anaesthesia were perfused through the left
ventricle with saline followed by ice-cold 4% paraformalde-
hyde in 0.1 M sodium phosphate buffer (pH 7.4). Twenty
rats received a single intracerebroventricular injection of
colchicine (70 pmg/20 ,ul) 48 hr before paraformaldehyde per-
fusion. The brains were immersed in 4% paraformaldehyde
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in 0.1 M sodium phosphate buffer for 2 hr and then were
transferred to 0.1 M sodium phosphate buffer (pH 7.4) con-
taining 15% sucrose for at least 24 hr.

Cryostat sections (thickness, 25 pum) were cut, and free-
floating sections were first treated with 20%o normal swine
serum diluted in phosphate-buffered saline (pH 7.4) to de-
crease nonspecific background staining. The peroxidase-an-
tiperoxidase method of Sternberger et al. (19) was then used
to demonstrate immunoreactivity to histamine in various ar-
eas of rat brain. All antisera dilutions were made in phos-
phate-buffered saline containing 0.25% Triton X-100. In pre-
liminary experiments, the anti-histamine antiserum was test-
ed by using dilutions from 1:100 to 1:10,000. The specific
staining in the hypothalamus decreased with increasing dilu-
tions of antiserum. The best reaction was obtained at antise-
rum dilutions of 1:500 to 1:2000, which were used in this
study. Incubation with the histamine antiserum was carried
out at 40C for 48 hr. The samples were washed twice with
phosphate-buffered saline for 20 min and incubated with
swine anti-rabbit immunoglobulins (DAKO, Copenhagen,
Denmark) diluted 1:100 for 30 min. After two washes they
were incubated with a soluble complex of horseradish perox-
idase-rabbit antihorseradish peroxidase (DAKO) diluted
1:100 for 30 min at room temperature. Washing with 0.05 M
Tris buffer (pH 7.6) then was followed by treatment with
3,3'-diaminobenzidine tetrahydrochloride (50 mg/100 ml;
Sigma) and 0.003% hydrogen peroxide in 0.05 M Tris buffer,
pH 7.6. After being washed with 0.05 M Tris buffer, the sec-
tions were mounted on slides, dried in air, and embedded in
Permount.

Control sections were treated similarly but the histamine
antiserum was replaced by serum obtained prior to immuni-
zation (preimmune serum) eluted from the histamine affinity
column or by preabsorbed antiserum. Preabsorption was
carried out by incubating different amounts of histamine or
related substances with diluted antiserum for 24 hr before its
incubation with brain slices.

RESULTS
Hypothalamic neurons exhibited immunoreactivity to hista-
mine only after colchicine pretreatment, whereas immunore-

V

active mast cells were found in the median eminence of all
rats. Hence, all subsequent studies on the location of hista-
mine-containing neurons were performed in colchicine-treat-
ed rats. Histamine-immunoreactive neurons were detected
exclusively in areas of the posterior hypothalamus. The larg-
est group of histamine-immunoreactive neurons was found
in the caudal magnocellular nucleus at the level of the pre-
mammillary nuclei. These histamine-containing neurons ex-
tended medially to the dorsal and ventral aspects of the ven-
tral premammillary nucleus (Fig. 1). At the most anterior
level, immunoreactive neurons were first seen in basal hypo-
thalamus between the medial forebrain bundle and ventro-
medial nucleus. At the same level, a small group of hista-
mine-containing cells was consistently found bilaterally near
the tip of the third ventricle (Fig. 2A). Here and at slightly
posterior levels, scattered histamine-containing neurons
were found between the dorsomedial nucleus and the medial
forebrain bundle. At the level of the mammillary nuclei, his-
tamine-immunoreactive cells were found as a thin plate in
the basal hypothalamus, and a small group was located in the
dorsolateral part of the lateral mammillary nucleus (Fig. 2B).
No immunoreactive cells were seen in arcuate nucleus and

median eminence. However, intensely stained mast cells
were consistently seen at all levels of the median eminence,
immediately beneath the meninges (Fig. 2C). At high magni-
fication, these cells exhibited granular reaction deposits and
typical morphological features of mast cells. Immunoreac-
tive nerve fibers, but no immunoreactive nerve cell bodies,
were seen in other parts of the brain including layers I and II
of the cerebral cortex, hippocampus, and some mesence-
phalic and pontine nuclei. Histamine-containing fibers were
also seen in the basal hypothalamus, supraoptic and arcuate
nuclei. Few fibers were seen in the median eminence. Dense
bundles of immunoreactive fibers were not found anywhere
in the brain.
The specificity of the antibody-antigen reaction was es-

tablished by affinity chromatographic purification and stan-
dard blocking controls with a variety of substances. When
antibodies directed toward histamine were removed from the
antiserum with an affinity column (histamine-sepharose 4B),
the fractions that were not absorbed by the affinity ligand
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FIG. 1. Photomontages of his-
tamine-immunoreactive neurons
at two different levels of the hy-
pothalamus. (A) The caudal mag-
nocellular nucleus (CMC) is
densely packed with immunoreac-
tive neurons. Large immunoreac-
tive neurons surround the ventral
premammillary nucleus (PV), and
many of them send processes to
the dorsomedial direction (Level
4F.) (B) Immunoreactive cells in
the basal hypothalamus also dis-
play neuronal morphology with
extensive processes. (Level 4 G-
H.) AR, arcuate nucleus; V, third
ventricle. (Bar = 100 ,m.)
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FIG. 2. Characteristic small groups of medium-sized histamine-immunoreactive neurons are located near the tip of the third ventricle (V) at

level 4D (A) and in the dorsolateral corner of the lateral mammillary nucleus (LM) near the ventral tagmentum (VT) at level 4H (B). (Bar = 100
,am.) Heavily stained mast cells (arrows in C) were detected in the median eminence (ME) of the rat at level 4A. (Bar = 50 am.) AR, arcuate
nucleus; PE, periventricular nucleus.

failed to stain hypothalamic neurons, whereas the crude anti-
serum used at the same protein concentration gave intense
staining. When diluted antiserum was preabsorbed with hista-
mine (1 mg/ml), the immunostaining was abolished completely
(Fig. 3). Serotonin, L-histidine, D-histidine, beta-alanyl-L-histi-
dine, L-histydyl-L-leucine, and thyrotropin-releasing hormone
(pGlu-His-Pro-NH2) had no effect on the intensity of the
immunohistochemical reaction when applied at 1 mg/ml or
10 mg/ml. A slight decrease in staining intensity was seen
when tele-methylhistamine (1 mg/ml) was used in preab-
sorption. The distribution of histamine-like immunoreactiv-
ity throughout the hypothalamus is shown in Fig. 4.

DISCUSSION
Solid-phase immunoabsorption tests and blocking controls
indicate that the staining with the histamine antiserum used
in this study is due to histamine, and no crossreactivity with
histidine-containing peptides was found. Furthermore, this
antiserum stained mast cells in the peritoneal fat, stomach,
and posterior pituitary as well as enterochromaffin-like cells
in the stomach (unpublished observation) in a specific man-
ner. The distribution of a histidine-containing peptide, such
as thyrotropin-releasing hormone, is different from the dis-
tribution of histamine immunoreactivity shown in this study

Ai

(21-23), suggesting that our antiserum fails to detect histi-
dine-containing peptides.
Histamine-immunoreactive neuronal cell bodies could be

detected only after treatment of the animals with intracere-
broventricular colchicine. This suggests that inhibition of the
fast axonal transport is necessary for the demonstration of
immunoreactive cell bodies. Immunoreactive nerve fibers
were detected in several brain regions, including the hypo-
thalamus, cortex, and hippocampus in normal and colchi-
cine-treated animals.
Our findings suggest that histamine-containing neurons

are located exclusively in a relatively small area of the poste-
rior basal hypothalamus, in the caudal magnocellular nucle-
us, in the lateral mammillary nucleus, and around the ventral
premammillary nucleus. This distribution is different from
that observed by Wilcox and Seybold (18) using another anti-
serum against histamine. These authors found only a few im-
munoreactive cells in the lateral hypothalamus at the level
of the median eminence. Furthermore, they describe numer-
ous immunoreactive nerve fibers in the median eminence,
whereas in our study the immunoreactivity to histamine in
the median eminence was found mainly in mast cells, and
only a very few immunoreactive fibers were detected. Our
results support a biochemical study by Pollars et al. (4) that
indicated that mast cells are the main storage of histamine in

FIG. 3. Preabsorption of immunore-
activity to histamine in the caudal mag-
nocellular nucleus (CMC). (A) Intensely
stained cells with fibers are seen after in-
cubation with histamine antiserum. (B)
Absorption of the histamine antiserum
with histamine (1 mg/ml) reveals no
staining in a consecutive section of the
caudal magnocellular nucleus. (Level
4F; Bar = 50 Am.)
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the median eminence, while elsewhere in the hypothalamus
histamine is mainly neuronal.
Our results are slightly different from those obtained with

antibodies against histidine decarboxylase, the histamine-
forming enzyme. Tran and Snyder (24) found histidine decar-
boxylase-like immunoreactivity in the parietal cells of the
stomach, in the bed nucleus of the stria terminalis as well as
hypothalamic and mammillary areas. Watanabe et al. (25)
detected histidine decarboxylase-like immunoreactivity in
the enterochromaffin-like cells of the stomach in agreement
with our results with antiserum against histamine, but they
report neuronal cell bodies in the arcuate nucleus, which in
our study was devoid of histamine-immunoreactive cells.
We found the cells more laterally in the caudal magnocellular
nucleus and around the ventral premammillary nucleus.
So far we failed to detect histamine-immunoreactive cell

bodies in other brain areas. Though more extensive studies
are needed to conclude that histaminergic neurons are locat-
ed exclusively in the hypothalamic areas described in this
study, the possibility exists that most if not all of the hista-
minergic fibers in the brain derive from the posterior hypo-
thalamic nuclei described in this study. Thus, the histaminer-
gic neuronal system would resemble the serotonergic and ca-
techolaminergic systems that are formed by a relatively
small number of cell bodies generating extensive fiber pro-
jections to forebrain and hindbrain areas. Although histamine
is present in midbrain and hindbrain nuclei (6, 5), specific
lesions of these nuclei have failed to reduce the histamine or

M.intb FIG. 4. Schematic drawings
demonstrate the distribution and

PV number of histamine-immunore-
_

R
~active nerve cell bodies in the bas-

AR al hypothalamus (Left) and the
corresponding nuclei (Right). The
number of cells is the mean found
in all brains studied (v, 1 cell; v, 5
cells; e, 10 cells per section). The
sections correspond to the follow-
ing levels of the atlas of Konig and
Klippel (20): 4230 (A), 4110 (B),

p mfb 3990 (C), 3750 (D), 3430 (E), 3290D (5(F), 3180 (G), and 2580 (II). AR,
,,v PDV / arcuate nucleus; CMC, caudal

magnocellular nucleus; DM, dor-
AR somedial nucleus; LM, lateral

mammillary nucleus; mfb, medial
forebrain bundle; MM, medial
mammillary nucleus; PD, dorsal
premammillary nucleus; PE, peri-
ventricular nucleus; PH, posterior
hypothalamic nucleus; PV, ven-

C0 O / tral premammillary nucleus;
0 UNBOX SNR, substantia nigra, zona reti-
SuM culata; SUM, supramammillary0(7 nucleus; V, third ventricle; VM,

V MM LM ventral premammillary nucleus;
VT, ventral tegmentum.

histidine decarboxylase concentrations in the forebrain areas
thought to receive histaminergic innervation. Local lesions
placed in the posterior hypothalamus decreased histidine de-
carboxylase activity in the brain stem, suggesting that there
is a descending histaminergic pathway from posterior hypo-
thalamus to hindbrain areas (4). An ascending histamine-
containing pathway has been suggested by Garbarg et al.
(26, 27) based on biochemical studies after lesions of the me-
dial forebrain bundle at the level of the lateral hypothalamus.
However, such a lesion might have destroyed the histamine-
containing neurons in the premammillary area; thus, -the de-
crease of histidine decarboxylase activity in the cortex, stria-
tum, hippocampus, and anterior hypothalamus observed by
Garbarg et al. (26, 27) might be due to destruction of pre-
mammillary histamine-containing cells. This conclusion is
supported by a recent study by Vincent et al. (28), which
showed that GABAergic neurons in the caudal magnocellu-
lar nucleus project to the cerebral cortex. It should be of
interest to study whether L-glutamate decarboxylase, a spe-
cific marker for GABAergic neurons, coexists with hista-
mine in the neurons of the caudal magnocellular nucleus.
This is possible with our immunohistochemical method, which
enables combined studies with both tracers to characterize
further the histamine-containing neurons described herein.
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